We investigate the significance of secondary effects caused by free carrier accumulation and subsequent heating on the nonlinear behaviour of ultrasmall Silicon-On-Insulator ring resonators. All-optical bistability based on thermal dispersion was experimentally obtained for an input power of only 0.28 mW. At higher powers, pulsating behaviour was observed which is problematic for the stability of thermal memory and switching operations. Using free carrier dispersion, we also demonstrate all-optical wavelength conversion with a pulse length of 10 ns, indicating that bitrates of 0.1 Gb/s are feasible. Also here, the presence of unstable pulsations was observed, leading to significant errors in the converted data pattern.
INTRODUCTION
Today, optical fiber forms the basis for the modern long-haul telecom infrastructure and is already starting to penetrate the markets of high-end local area networks and short distance applications. To fully utilize its potential, improved switching and processing functionalities are however necessary inside the optical layer. Although low-cost integration while maintaining optical-electrical conversions is a first step, all-optical signal processing is expected to form the real breakthrough towards ultra-high bandwidth telecommunication. In the context of the recent advances in fabricating high-quality nanophotonic devices, ultrafast nonlinear optics forms an excellent candidate to achieve this goal.
In standard semiconductor materials, ultrafast nonlinear effects like the optical Kerr effect and two-photon absorption (2PA) are typically very small, leading to the requirement of high input powers or long devices for practical applications. Photonic wire structures fabricated in high contrast systems such as Silicon-onInsulator (SOI) however allow strong transverse confinement of the light within submicron dimensions, so that the nonlinear interaction is significantly enhanced. Using these structures, ultrafast nonlinear wavelength conversion has already been demonstrated for pulse trains at 40 GHz.
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This optical confinement can even be further improved by using optical resonators. Inside these resonators, the field is enhanced and the pulse is slowed down, so that the nonlinear response is even larger, however at the cost of a reduction in bandwidth.
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A significant problem for ultrafast nonlinear signal processing is however the presence of secondary phenomena like carrier generation and heating.
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As these effects are not only much slower, but also much larger, they can easily dominate the nonlinear response of the device 6-8 and lead to instabilities.
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On the other hand, they can also be used for all-optical signal processing, but at much lower data rates. These different aspects are investigated in this work.
NONLINEAR INTERACTION PICTURE OF A SILICON SYSTEM
At the telecom wavelength of 1550 nm, light is absorbed in the Silicon material by means of two-photon absorption, which is the counterpart of the intensity dependent refractive index effect known as the optical Kerr effect. Through this absorption process, free carriers are excited in the material, which give rise to additional absorption (Free Carrier Absorption, FCA) and also a change in refractive index (Free Carrier Dispersion, FCD).
After a while, these carriers will recombine and in the case of submicron structures (such as photonic wires), this is mainly due to surface recombination. This interband relaxation process together with the intraband relaxation effects from carriers created due to 2PA and excited by FCA will mainly lead to phonon creation, which results in heating of the structure and gives rise to a thermal refractive index change. Due to conduction and convection, the structure finally cools down to a steady-state temperature.
This whole process is summarized in Fig. 1 . 
FABRICATED STRUCTURES
For our nonlinear measurements, ring resonator structures were designed on a SOI wafer with a thickness of the Silicon layer of 220 nm and a burried oxide of 1 µm. By means of a deep UV lithography stepper with a 248 nm illumination wavelength, the patterns are defined in the resist, after which a dry etching process is used to transfers them into the Silicon layer. A detailed overview of the processing steps can be found in Ref. 10 . The processes are intrinsically CMOS processes, which are characterized and adapted for the fabrication of photonic devices. An example of such a ring resonator structure is shown in Fig. 2 . Acceptable linear losses were obtained for ring radii down to 3 µm. For our experiments, we used a ring resonator with a radius of 4 µm and wire width of approximately 540 nm.
LOW-POWER MEASUREMENTS
Low-power measurements were performed to determine the free spectral range and the resonance bandwidth. The resulting transmission spectrum of the pass port and the drop port is plotted in Fig. 3 . The resonance at the wavelength 1535.72 nm has a bandwidth of 81 pm corresponding to a Q-factor of 19000. The bandwidth of the resonance at the wavelength 1556.97 nm is approximately 56 pm, leading to a Q-factor of 28000. The measured free spectral range is 21.25 nm. The peak transmission at the resonances is respectively 0.08 and 0.27 (Fig. 4) . As can be seen, the resonance at the wavelength 1535.72 nm is slightly split due to surface roughness induced backscattering.
HIGH-POWER MEASUREMENTS

Continuous-wave experiments
To determine the impact of secondary effects on the resonator behaviour, continuous-wave measurements were performed first. The signal power was varied from 0.069 mW in steps of 3dB and from 0.277 mW on in steps of 1.5dB. The resulting drop transmission spectra are shown in Fig. 5 . Due to the fact that the laser source could only be swept in the upward wavelength direction, only the upper (bistable) arm is plotted. From the steep declines in the transmission, it can however be seen that all-optical bistability is obtained for powers of 0.277 mW and above. This value is the lowest reported value for ring resonator structures as we know, 10 but higher than the best results obtained with PhC nanocavities. 7, 11, 12 The latter however are standing-wave resonators, which have the benefit of better nonlinear interaction due to the presence of a contrapropagating wave inside the cavity (3×, 10× and 35× higher for respectively third-, fifth-and seventh-order nonlinear effect 13 ). From the reduction of the transmission due to 2PA and FCA, information concerning the carrier lifetime can be derived. The shift of the resonance frequency, which is caused by the Kerr effect, FCD and thermal dispersion, on the other hand provides information about the thermal lifetime. This was done in Ref. 6 : a carrier-dependent carrier lifetime of the order of 1 − 10 ns was derived for carrier densities in the range of 10 16 − 10 17 cm −3 and a thermal lifetime of 65 ns was obtained. The different contributions to the refractive index change are plotted in Fig. 6 . A linear thermal contribution is present in addition to the terms discussed in Section 2 due to surface state absorption (SSA). . Different contributions to the refractive index change as function of power: Kerr effect n2, free-carrier dispersion (FCD), thermal dispersion due to surface-state absorption (th-SSA), thermal dispersion due to two-photon absorption (th-2PA), thermal dispersion due to free-carrier absorption (th-FCA)
As can be seen, thermal contributions due to FCA and SSA are dominant, which could already be concluded from the bistability on the upper wavelength side. However, also the FCD refractive index change is quite large.
The presence of two large opposite refractive index effects with different time constants can lead to a periodic pulsating output signal, when the resonator is excited by a CW pump beam. Qualitatively, this behaviour can be understood as a circling around the bistability loop.
14, 15
This was observed indirectly by measuring the standard deviation of the output signal, as shown in Fig. 5 , for an input power of 0.76 mW. Both (bistable) arms are now present as the sweep was carried out manually.
Due to the presence of noise in the input signal, the obtained oscillations were however pseudo-periodic, so that the periodicity could not be visualized on the oscilloscope. However two clearly distinct power levels were obtained. This is for instance shown for 1557.02 nm in Fig. 7 , while the results at 1557.03 nm (lower arm) only has a single power level. In the first plot, two different power levels can clearly be distinguished.
Pump-probe experiments
From the analysis above, it is clear that secondary effects will dominate the nonlinear behaviour in the case of standard Non-Return-to-Zero (NRZ) data streams, making it impossible to use ultrafast nonlinear phenomena like the Kerr effect and two-photon absorption. A solution would be to go to lower repetition rates and thus adjusted data formats. 1, 2 Alternatively, one could use these secondary effects themselves within the limitation of their lifetime and use the advantage of much lower operating powers. Applications along the lines of all-optical packet routing are however possible. As the carrier effects we observed had a recovery time up to 10 ns, a bitrate of only 0.1 Gb/s was used. To demonstrate this behaviour, a pump signal with a peak power of 0.66 mW and an extinction ratio of 5 dB was inserted on the second resonance, while a CW probe signal was positioned near the first resonance wavelength 1535.72 nm. Depending on the probe wavelength offset, either non-inverted or inverted wavelength conversion is expected. To observe this clearly, a 10001000... bit pattern was used (Fig. 8) . The obtained output probe signals are plotted in Fig. 9 . As expected, a bit pattern of either 10001000... or 01110111... is obtained. We measured an extinction ratio of respectively 2.7 dB and 3.8 dB. The bitrate is clearly limited by the carrier lifetime. While the rise time is typically fast, the recovery time is of the order of 10 ns in agreement with our theoretical results. The thermal background was estimated at ∆T = 0.85 K. Higher contrasts are expected by optimizing the position of both the pump and the probe signals. Another approach would be using higher powers, however as in the continuous-wave experiments, interaction between the free-carrier and the thermal effects can lead to errors in the converted bit pattern. This is shown in Fig. 10 for the same setup with an input power of 1.32 mW. 
CONCLUSIONS
We discussed and demonstrated the impact of secondary effects on the nonlinear behaviour of Silicon-on-Insulator ring resonators. It was shown that this behaviour is dominated by thermal dispersion, but also a significant contribution due to free carriers is present. The lifetime of these thermal and free-carrier effects were respectively estimated at 65 ns and 1-10 ns. All-optical bistability was obtained with input powers of only 0.28 mW. We also observed quasi-periodic pulsating behaviour for higher input powers due to an interaction between the two dominant refractive effects, which have a different sign and a different time constant.
Limited by the carrier lifetime, we demonstrated both non-inverted and inverted all-optical wavelength conversion induced by free-carrier dispersion at a bitrate of 0.1 Gb/s. Despite this low bitrate, applications in the field of all-optical packet routing could be possible. At higher pump power, again unstable behaviour was observed leading to errors in the obtained data pattern.
Both the limited bitrate and the unstable behaviour could be avoided by extracting the carriers by means of a reverse biased p-i-n structure. [16] [17] [18] We estimate that this would also allow all-optical bistability based on free-carrier dispersion.
